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a  b  s  t  r  a  c  t
Despite  major  research  efforts  in the  ﬁeld  of  biomaterials,  rejection,  severe  immune  responses,  scar
tissue  and  poor  integration  continue  to seriously  limit  the  performance  of  today’s  implantable  biomed-
ical  devices.  Implantable  biomaterials  that  interact  with  their  host  via  an interfacial  layer  of  active
biomolecules  to direct  a desired  cellular  response  to  the  implant  would  represent  a  major  and  much
sought  after improvement.  Another,  perhaps  equally  revolutionary,  development  that  is on  the  biomed-
ical horizon  is the  introduction  of  cost-effective  microarrays  for  fast, highly  multiplexed  screening  for
biomarkers  on cell  membranes  and  in  a variety  of analyte  solutions.  Both  of  these  advances  will  rely  on
effective  methods  of functionalizing  surfaces  with  bioactive  molecules.
After a brief  introduction  to  other  methods  currently  available,  this  review  will  describe  recently  devel-
oped  approaches  that  use  energetic  ions  extracted  from  plasma  to facilitate  simple,  one-step  covalentadical
nergetic ion bombardment
ross-linking
icroarray
iomedical device
surface  immobilization  of  bioactive  molecules.  A  kinetic  theory  model  of the  immobilization  process
by  reactions  with  long-lived,  mobile,  surface-embedded  radicals  will  be  presented.  The roles  of surface
chemistry  and  microstructure  of the  ion treated  layer  will be  discussed.  Early  progress  on  applications
of  this  technology  to  create  diagnostic  microarrays  and  to  engineer  bioactive  surfaces  for  implantable
biomedical  devices  will  be  reviewed.
© 2014  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-NDntroduction
mplantable biomedical devices
Despite a large amount of work in the ﬁeld of biomaterials
imed at making synthetic materials more biocompatible, rejec-
ion, severe immune responses, scar tissue and poor integration
ontinue to seriously limit the performance of implantable biomed-
cal devices and in many cases make revision surgery necessary.
hese adverse biological responses are triggered by the presence
f denatured proteins adsorbed on the surfaces of the implanted
aterials [1–3]. The adsorption and unfolding of proteins is being
ddressed by the development of hydrophilic so called non-fouling
urfaces [2,4]. More recently, it has been observed that we  can
o a step further by explicitly encouraging favorable biologi-
al responses, that can be induced by the signaling of bioactive
olecules into the cells of the local tissues [5]. Bioactive molecules,
∗ Corresponding author. Tel.: +61 2 9351 6079; fax: +61 2 9351 7726.
E-mail address: marcela.bilek@sydney.edu.au
ttp://dx.doi.org/10.1016/j.apsusc.2014.03.097
169-4332/© 2014 The Authors. Published by Elsevier B.V. This is an open access article unlicense (http://creativecommons.org/licenses/by-nc-nd/3.0/).
such as bone morphogenetic protein 2 (BMP-2) for orthopedic
implants [6], are injected during surgical deployment to promote
healing. Although beneﬁcial, this practice is expensive due to the
large doses of protein that need to be injected. Voggenreiter et al.
[7] have demonstrated in animal studies that the same beneﬁt can
be achieved with considerably less BMP-2 when it is immobilized
on the surface of the implant.
The Holy Grail for biomaterials is the creation of biomaterial
surfaces that exhibit the cell adhesion and signaling motifs of
appropriate biological molecules [8] whilst preventing the protein
adsorption and subsequent unfolding and aggregation cascades
that occur on most non-biological surfaces [9]. The role of such
molecules is to elicit a healing response that results in integration
of the implant with the local tissue in a way that aids the function
of the implant. For example, for orthopedic implants mechani-
cally strong integration with adjoining bone is needed whilst for
cardiovascular implants endothelial cell coverage over the blood
contacting surfaces is needed to allow blood ﬂow and minimize risk
of thrombosis. Molecules that elicit the appropriate cell adhesion
and differentiation ideally need to be covalently immobilized on
the surface of the implant. Physically adsorbed or weakly attached
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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olecules would be likely to desorb or be displaced by other
dsorbing proteins [10] in vivo [11,12].
rotein microarrays
Another area in the biomedical sphere where surfaces that can
e conferred with speciﬁc biological activity are needed is for the
evelopment of protein microarrays [13,14]. For this application,
ecognition biomolecules, such as anti-bodies or peptide aptamers
15], that have the ability to speciﬁcally recognize and bind par-
icular target molecules, are arrayed as spots onto a slide. The
resence and relative concentrations of the target molecules in an
nalyte solution are determined by detecting the binding of the
arget molecules to the microarray spots. Such protein microarrays
llow for rapid and potentially low-cost identiﬁcation of biomark-
rs associated with cellular differentiation and the onset of disease
16].
This application area has huge potential for growth over the
oming years as the development and use of such arrays in the
esearch sector will rapidly increase our knowledge of how protein
xpression changes with cell differentiation and the onset of a wide
ange of diseases. This, in turn, will fuel the development and use of
icroarrays for the detection of disease, well before the develop-
ent of visible symptoms. For example CD antibody microarrays
or diagnosis of leukemias have been demonstrated [17]. Silica
lides as used in gene arrays do not provide good performance for
rotein arrays [14] so glass slides coated with nitrocellulose were
sed for this application.
Surfaces capable of binding a high density of active recognition
olecules with their recognition sites exposed are required. For
ptimal performance, the background signal must be minimized
y ensuring low non-speciﬁc adsorption and, for optical detection,
aximum slide transparency. Advantages would be conferred if a
ransparent array platform capable of covalent immobilization of
riented antibodies [18] could be found. Covalent immobilization
inimizes variability due to washing and handling while orienta-
ions exposing the active site maximizes the sensitivity [13,19] for
 given density of immobilized antibody.
ovalent coupling of active biomolecules to surfaces
Advances in biomimetic materials for implants and microarray
echnology have been consistently hampered by the lack of simple
nd safe methods to covalently couple bioactive molecules to the
urfaces of a wide range of materials. There are many wet chemi-
al approaches described in the literature for linking biomolecules
o surfaces [20,21]. The carbodiimide chemistry [18], in which
arboxyl (COOH) groups on the surface are activated using 1-
thyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) to react with
rimary amines on amino acid (e.g. lysine) side chains of proteins,
s commonly employed because it works in buffered aqueous sol-
ents that do not denature biomolecules. N-hydroxysuccinimide
NHS) or sulfo-NHS is often used to increase the coupling efﬁ-
iency. This approach is also employed to link carboxyl groups on
xposed glutamate and aspartate residues of proteins with amine
roups on surfaces [22]. Pretreatment of surfaces is nearly always
equired to generate the reactive groups for covalent coupling using
pproaches such as salinization [23] and plasma functionalization
24]. Concerns have been raised that covalency is often not tested
o rule out immobilization of proteins through physical forces and
hat the same reactions between carboxyls and amine groups on
roteins may  result in unwanted crosslinking [24] and aggregation
f the protein molecules [25].
Chemical linker approaches have also been developed to form
ovalent linkages between the thiol (SH) groups found on the amino
cid, cysteine, and maleimide, pyridyil disulﬁde or vinyl sulfoneScience 310 (2014) 3–10
derivatized surfaces [21]. The addition of extra cysteines, which are
typically much rarer on proteins than lysine, glutamate and aspar-
tate, to biomolecules has been used to achieve site-speciﬁc covalent
coupling [20]. The surface immobilization of BMP  to promote bone
integration in orthopedic implants [7] relied on an immobilization
protocol involving pretreatment of the metal surface with chromo-
sulfuric acid (CSA) at 200 ◦C [26]. Translation of linker-chemistry
approaches into applications has been limited because they are
effective only on surfaces pretreated to exhibit particular functional
groups and they involve a sequence of wet chemical reactions that
introduce process complexity, side-reactions, variable yields and
sometimes toxicity and solvent disposal issues.
A variety of plasma polymerization approaches have been
developed to simplify the process of decorating surfaces with
the required chemical groups for immobilization of biomolecules
through chemical linkers [24]. In plasma polymerization, the
required chemical groups are imparted to the surface through
the deposition of a polymer-like material from plasma containing
polymeric precursors [27,28]. Although this approach enables dry
preparation of the surface reactive groups, wet chemical steps, as
described above, are still needed to achieve the covalent coupling of
biomolecules to these groups [24,28]. Another reported disadvan-
tage is that the wide range of reactive species generated in plasma
often results in undesired heterogeneity of the functional groups
imparted.
Recent work has revealed that radicals embedded in carbon
rich surface layers by energetic ion bombardment can covalently
immobilize bioactive proteins [29]. This new approach delivers the
strength and stability of covalent coupling without the need for
multi-step wet  chemistry. Immobilization occurs in a single step
directly from solution and the hydrophilic nature of the surface
ensures that the bioactive 3D shapes of the protein molecules are
retained in the immobilized state. The energetic ion treatments can
be applied to any underlying material [30] making it possible to
achieve covalent biomolecule immobilization whilst maintaining
the physical properties (including mechanical and electrical) of the
underlying material. Recent progress in applying this biomolecule
immobilization approach to implantable biomedical devices and
antibody microarrays will be reviewed here and future directions
will be discussed.
Energetic ion treatment processes for linker-free covalent
immobilization of protein
Surface modiﬁcation by energetic ions for immobilization of
biomolecules
At sufﬁciently high energies, the impinging energetic particles
are implanted below the surface. The penetrating ions deposit their
energy in “electronic” collisions with the electrons and “nuclear”
collisions with the atoms under the surface [31,32]. The energy
deposited in these collision cascades breaks chemical bonds and
causes the displacement and excitation of atoms and electrons
along the ion path. These processes result in the creation of highly
reactive chemical groups, known as radicals, that contain dangling
bonds or unpaired electrons [33]. As the energy is dissipated, new
chemical bonds form resulting in permanent structural changes
[34] such as cross-linking between polymer macromolecules [35],
scission of the polymer backbone, degassing of volatile side groups,
carbonization and subsequent oxidation of the surface upon expo-
sure to the atmosphere [36].Energetic ion beam treatments of polymeric materials, such as
PTFE, have been observed to increase their surface energy and
increase the bond strength with epoxy adhesive over 100 fold
[37]. The high reactivity of short lived radical groups created by
rface Science 310 (2014) 3–10 5
e
f
p
e
s
c
h
p
i
t
s
b
r
a
i
h
m
t
d
o
u
m
p
o
o
t
t
a
s
s
i
p
ﬁ
b
i
s
l
p
p
p
(
2
t
a
m
p
t
a
f
l
b
c
b
p
ﬁ
t
p
i
w
t
b
t
[
Fig. 1. (a) shows schematically the plasma immersion ion implantation (PIII) pro-
cess used to create a radical rich carbonized surface layer capable of covalent
immobilization of bioactive protein molecules. The polymer is immersed in a non-
condensing (or non-ﬁlm-forming) plasma. A pulsed bias of between 5 and 20 kV is
applied to an electrode coupled to the polymer surface being treated. Ions, acceler-
ated in the resulting plasma sheath, implant into to the surface creating a modiﬁed
carbonized layer of depth tens to hundreds of nanometers. (b) Shows schematically
a  process based on plasma polymerization to create a similar radical rich carbonizedM.M.M. Bilek / Applied Su
xposure of polymeric materials to plasma has been utilized
or grafting of macromolecules to polymer surfaces [38–40] and
lasma polymers [41]. Polymers exposed to ion impacts with
nergy ranging from 5 to 20 keV using ion beams or plasma immer-
ion ion implantation [42] (PIII) for sufﬁcient periods of time
ontain a higher density of longer lived radicals [33,36] which
ave been shown to be useful for single step immobilization of
rotein molecules [29]. The radicals are stabilized in the delocal-
zed states of  conjugated carbon structures [29] created in the
reated surface layer when hydrogen diffuses out of the implanted
urface layer and rebonding of the displaced atoms creates a car-
onized predominately sp2 bonded structure [34]. The embedded
adicals slowly diffuse out of the treated surface and become avail-
ble to form a chemical bond with a proximate protein molecule
n solution upon reaching the surface. Surfaces treated in this way
ave been observed to immobilize dense monolayers of protein
olecules [43] and to retain the ability to directly immobilize func-
ional protein molecules for over a year [44]. The time constant for
ecay of the radicals in these structures is proportional to the depth
f the ion modiﬁed layer [29], which increases with the ion energy
sed.
A similar capability to covalently immobilize protein macro-
olecules directly from a solution was later found to occur also in
lasma polymers (i.e. thin ﬁlms deposited from plasma containing
rganic precursors) that were deposited with ion bombardment
f sufﬁcient energy [45–50]. The structure of plasma polymer
hin ﬁlms deposited under ion bombardment is similar to that of
he ion implanted surface regions of PIII treated polymers. They
re also heavily carbonized, containing  conjugated sp2 bonded
tructures. In this process, dehydrogenation and the formation of
trongly cross-linked sp2 amorphous carbon material occurs with
on impacts with energy in the range 200 eV to 1 keV. Since in this
rocess the material is being deposited while the surface is modi-
ed by the implanting ions the energy of ion implantation should
e lower than for PIII treatment of bulk polymers to achieve a sim-
lar outcome. The time constant for decay of the radicals in these
tructures is proportional to the thickness of the plasma polymer
ayer deposited [29], which increases with the deposition time.
A schematic diagram, depicting the two energetic ion based
lasma processes [30] described above, is shown in Fig. 1. In the
lasma immersion ion implantation (PIII) process (Fig. 1(a)), the
olymer surface to be modiﬁed is immersed in a non-condensing
or non-ﬁlm-forming) plasma and a pulsed bias of between 5 and
0 kV is applied to an electrode coupled to the polymer surface. For
hin polymer ﬁlms sufﬁcient coupling of the bias voltage can be
chieved using a backing plate substrate holder. For thicker poly-
ers or three-dimensional samples the bias is applied to a mesh
laced in front of the polymer surface and electrically connected to
he samples holder. Ions, accelerated in the resulting plasma sheath
round the mesh or biased substrate holder, implant into to the sur-
ace of the polymer creating the radical-rich, modiﬁed carbonized
ayer of depth tens to hundreds of nanometers. In the process
ased on plasma polymerization (Fig. 1(b)), a similar, radical-rich
arbonized surface layer capable of covalent immobilization of
ioactive protein molecules is created during the deposition of a
lasma polymer ﬁlm. The surface to be coated is immersed in a
lm-forming plasma containing organic precursors. Pulsed bias in
he range 200 eV to 1 keV is applied during ﬁlm deposition.
Polymeric and non-polymeric surfaces treated using these two
rocesses have demonstrated a long-lived ability to covalently
mmobilize functional macromolecules [51,52], such as proteins,
hile retaining their biological function [44,45,51–55]. The facthat the immobilization is covalent was demonstrated repeatedly
y showing that the immobilized macromolecule layers were resis-
ant to removal by very aggressive detergent washing protocols
30,51–53,55,56]. The same detergent washes removed proteinsurface layer capable of covalent immobilization of bioactive protein molecules. This
surface is immersed in a ﬁlm-forming plasma containing organic precursors. Pulsed
bias  in the range 200 eV to 1 kV is applied during ﬁlm deposition.
from more hydrophobic control surfaces where the surface induced
denaturation of protein molecules would have led to more strongly
adsorbed proteins if only physical forces were involved. The good
retention of bioactivity after immobilization, as demonstrated by
retained activity of enzymes [44,45,47,49–55,57–61] and native
interactions with cells of immobilized extracellular matrix proteins
[62–65], is attributed to the mildly hydrophilic nature of the ion
implanted polymeric surfaces. This mild hydrophilicity is conferred
on the surfaces by reactions of the highly reactive radicals with
environmental oxygen that result in the presence of polar oxygen
containing groups at the surface [36].
Role of surface embedded radicals and a kinetic model for
biomolecule immobilization
Although initial candidates for the covalent immobilization
reactions included new oxygen containing chemical groups
appearing on the ion modiﬁed polymeric surfaces as well as radi-
cals, correlations with the presence of radicals [66] and the lack of
correlation with the presence of key oxygen groups [59] suggested
that radicals were responsible. The role of radicals was  conﬁrmed
by a study of the kinetics of covalent immobilization [29] and
the ability of radical traps, such as TEMPO, applied prior to pro-
tein incubation to eliminate the covalent attachment [29,59,67].
A mathematical model describing the immobilization process was
formulated and ﬁtted to experimental data [29]. Fig. 2, depict-
ing the interface of the ion-activated interlayer with the protein
6 M.M.M. Bilek / Applied Surface 
Fig. 2. Schematic diagram depicting the interface of the ion activated interlayer
with protein solution. Proteins are mobile in the solution whilst unpaired electrons
in radicals move by hopping and hydrogen abstraction processes in the ion modiﬁed
interlayer. When a reactive radial group with an unpaired electron emerges at the
surface near an adsorbed protein, a covalent bond that connects the cross-linked
polymeric surface to the protein molecule forms. The time constants that govern
the  kinetics of the formation of a covalently bonded protein monolayer are p , the
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rime constant for the formation of an equilibrium physically adsorbed protein layer
nd  c , the time constant for the diffusion of radicals to the surface and their covalent
oupling to surface adsorbed protein molecules.
olution, shows a schematic of the covalent immobilization pro-
ess. Proteins are mobile in the solution whilst unpaired electrons
n radicals move by hopping and hydrogen abstraction processes
n the ion modiﬁed surface layer. When a reactive radical group
ith an unpaired electron emerges at the surface near an adsorbed
rotein a covalent bond that connects the cross-linked polymeric
urface to the protein molecule forms. The time constants that
overn the kinetics of the formation of a covalently bonded pro-
ein monolayer are p, the time constant for the formation of an
quilibrium physically adsorbed layer, and c, the time constant
or the diffusion of radicals to the surface and their covalent cou-
ling to surface adsorbed protein molecules. The time constant for
he physical adsorption of protein, p, depends on the concentra-
ion of protein in the solution (i.e. the protein number density, np);
he average velocity of the protein molecules in solution, vp, which
epends on temperature and protein mobility, which is in turn
nﬂuenced by their mass and shape; and a sticking coefﬁcient of
he proteins on the surface, Sp, which depends on their adsorption
nd desorption rate constants. The time constant, c, which deter-
ines the rate of covalent immobilization of the surface adsorbed
roteins, is a function of the number density, nc, of radical groups
n the ion treated layer; the average velocity of the migration of
npaired electrons in the ion treated layer, vc, which depends on
actors such as temperature and the details of the migration pro-
esses of unpaired electrons; and a probability for the formation of
 covalent bond when the radical arrives at the surface where there
s an adsorbed protein, Sc.
Equations describing the kinetics of the covalent immobilization
f protein molecules on ion-implanted polymers can be formulated
sing simple kinetic theory if the time constants p and c can be
onsidered as constant during the immobilization process. This will
e the case if the number densities np and nc do not vary signiﬁ-
antly during the immobilization process. For a reasonably high
nitial concentration of protein in solution the percentage reduc-
ion in np due to the removal of the surface adsorbed protein will
e negligible. Electron spin resonance data recording the decay of
adicals in ion-implanted polystyrene shows that for sufﬁciently
igh ﬂuences as typically used for PIII activation, the radical decay
ate during the immobilization processes (typically taking placeScience 310 (2014) 3–10
over time scales of hours) leads to an insigniﬁcant change in the
number density of radicals provided that the immobilization is car-
ried out in the period of a few days to several weeks after the ion
treatment process [33]. Under these conditions, which are typical
of those used for the immobilizations reported in the literature, the
following coupled differential equations describe the kinetics of the
process:
dNp
dt
= Npsites − Np
p
(1)
dNc
dt
= (FNp − Nc)
c
(2)
Np is the number of physisorbed protein molecules per unit sur-
face area and Nc is the number of covalently immobilized protein
molecules per unit surface area. Npsites is the number of sites avail-
able for physisorption per unit surface area, and this will be equal
to the number of protein molecules in their native state that can be
placed on the surface per unit area in a single monolayer. Integra-
tion of these equations leads to:
Np = Npsites(1 − e−t/p ) (3)
Nc = Npsites
(
1 − pe
−t/p
p − c −
ce−t/c
c − p
)
(4)
Good ﬁts of these equations to time resolved data for covalent
immobilization of the extracellular matrix protein, tropoelastin, on
the surface of plasma immersion ion implanted PTFE were obtained
[29]. Effects predicted by this model for changes in the number
density of radicals brought about by varying plasma treatment and
sample aging conditions were also observed [29].
A kinetic theory model describing the decay of the long lived
unpaired electrons in the ion activated surface layer is formulated
by equating the number of radicals decaying dN in time dt with the
sum of the number that are quenched by reactions with environ-
mental molecules upon emerging at the surface and the number of
two radical interactions in the bulk that lead to reactions between
the two radicals.
dN
dt
= −Anr v¯rS
4
− KAhn2r (5)
nr is the number density and v¯r the mean velocity of the unpaired
electrons in the ion activated surface layer; S is their quenching
probability upon reaching the surface; h is the depth of the ion
activated layer and A its surface area. K is a constant that depends on
the cross section for collisions between radicals in the bulk. Writing
N = Ahnr , and integrating gives:
nr =
((
4hK
v¯rS
+ 1
n0
)
ev¯r St/4h − 4hK
v¯rS
)−1
(6)
where n0 is the unpaired electron number density at time, t = 0.
When surface recombination of radicals dominates over the bulk
recombination, K = 0 and this equation becomes
nr = noe−v¯r St/4h (7)
which describes an exponential decay with time constant propor-
tional to the thickness of the ion activated layer. Fitting of Eqs. (6)
and (7) to experimental data suggested that bulk recombination
was negligible compared to surface recombination [29] and there-
fore the simpliﬁed Eq. (7) provides an adequate description of the
radical decay process. This is not surprising considering the ratio of
the depth of the radical containing layer compared to its area. Pas-
sivation of unpaired electrons at a surface is more probable than
recombination in the bulk that requires a two-body collision with
small cross section.
The model of the biomolecule immobilization process described
above suggests that distinct processes deliver proteins and radicals
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o the interface where covalent coupling occurs and that these pro-
esses are decoupled prior to the formation of the covalent bond.
This brings about a unique opportunity to manipulate solution
arameters, such as pH and ionic strength, to inﬂuence the orien-
ation and/or conformation of the molecules arriving at the surface
ithout affecting the ability to form covalent linkages to the sur-
ace. This opportunity is not available for covalent coupling by wet
hemical methods because such solution parameters are dictated
y the nature of the chemical reactions required and cannot be
aried without affecting the covalent coupling efﬁciency.
adical induced biofunctionalization for applications in
mplantable biomedical devices and protein microarrays
ioactive surfaces for new generation implantable biomedical
evices
There are now a number of studies in the literature that
emonstrate the potential of ion induced interlayers of embedded
adicals for applications in biomedical devices which reside in the
ody. Favorable interactions of these surfaces with whole blood
n which proteins from the blood are immobilized on the surfaces
n their native conformation have been observed [29], providing
trikingly low thrombogenicity when in contact with static as well
s ﬂowing blood [68] and good in-vivo biocompatibility [69]. As
uch, these surfaces appear to provide an ideal platform for the
mmobilization of functional biomolecules that elicit particular
esirable cellular responses such as tissue integration for example.
issue integration is expected to be enhanced by the covalent
mmobilization of suitable adhesion molecules, such as those
ound in the extracellular matrix, and perhaps also by the presence
f particular signaling molecules, such as BMP-2 in the cases where
one integration is required. As a ﬁrst step in this direction, the
xtracellular matrix proteins collagen [64] and tropoelastin [63]
ave been immobilized onto ion-activated surfaces and shown to
etain native interactions with cells.
Cardiovascular applications have been a major area of focus to
ate. In these applications, where biomaterials seek to emulate
he walls of blood vessels, it is desirable to obtain an endothelial
ell layer, as in a natural blood vessel, over the blood-contacting
urface of the biomaterial. It is also beneﬁcial to inhibit the prolif-
ration of smooth muscle cells, which can lead to blockage of the
essels by restenosis. In vitro assays have shown that tropoelastin
unctionalization by radical coupling induces enhanced endothelial
ell attachment and proliferation [62,68] as does PF8, a recom-
inant ﬁbrillin-1 fragment [70], and constructs of tropoelastin,
orresponding to the ﬁrst 10 and ﬁrst 18 N-terminal domains [71],
mmobilized on ion-activated polymeric materials. The fact that
he biomolecules are covalently immobilized on the surface means
hat they will be resistant to exchange with proteins found in the
ocal environment [72] after insertion in-vivo and because their
onformations are near native, coverage by aggregating proteins
rom the environment is also not likely. It is however possible
hat they will be subject to some degradation due to proteolysis.
ncreased resistance to proteolysis can be provided by strategic
odiﬁcations to the protein [73] or by using protein fragments
70,71] or peptides. Peptides have a further signiﬁcant advantage
or applications of biomedical implant biofunctionalization over
hole proteins because they can be produced chemically, rather
han in bio-organisms, as is necessary for recombinant proteins,
igniﬁcantly simplifying production and puriﬁcation and reduc-
ng batch to batch variations and risks associated with pathogen
ransfer. Peptides, being much smaller than proteins, could also be
mmobilized with much higher density, increasing the degener-
cy and therefore the probability that the functionalized surfacesScience 310 (2014) 3–10 7
would retain all of their bioactivity after sterilization using common
methods such as UV or gamma  irradiation.
Applications in prosthetic devices, especially those that are
subject to deformation, require very robust adhesion of the
biomolecule immobilization layer. Any delamination, especially if
it may  release fragments into the blood stream, can have fatal
effects. To ensure that interlayers deposited onto the surfaces of
non-polymeric materials, such as metal stents, have robust adhe-
sion, a process to deposit a plasma polymer with a graded interlayer
was developed [66]. In this process a magnetron sputtering target is
added to the plasma polymerization chamber that is used to deposit
the radical containing immobilization surface. The magnetron is
ﬁtted with a target of the same material as the substrate and used
to deposit the substrate material on the surface after plasma clean-
ing. The bond between like materials is strong. A carbon-containing
precursor is then bled into the chamber in gradually increasing con-
centrations so that the composition of the deposited layer gradually
becomes more carbon-rich until eventually, when the magnetron
is passivated by a coating of the plasma polymer, a pure plasma
polymer layer is deposited. Appropriate ion bombardment condi-
tions at this point ensure that the pure layer is rich in radicals for
one-step immobilization of biomolecules. Protein immobilization
layers deposited in this way  show excellent adhesion. In tensile
tests they failed only in the adhesive used to bond the samples to
the tensile tester, indicating that the adhesion strength was  greater
than the tensile strength of bulk high density polyethylene [66]. The
graded layer coatings deposited onto cardiovascular stents showed
no signs of delamination when viewed in SEM after multiple rounds
of crimping and expansion [68], which involves plastic deforma-
tion of the steel stent, or after being surgically deployed in-vivo
and explanted after 7 days [69].
Progress in protein microarrays
A second application in medicine and proteomics that has
been explored recently is that of antibody microarrays. Plasma
immersion ion implantation was used to activate the surfaces of
polycarbonate microscope slides so that they immobilized anti-
bodies covalently [74]. The ﬂuence for the ion treatment was
chosen so as to give saturated covalent immobilization whilst
keeping the darkening of the polycarbonate to a minimum. The
three times higher integrated transmittance, in the measurement
wavelength range of 390–750 nm,  of the treated slides compared
to the commonly used nitrocellulose platform yielded a signif-
icantly lower background and therefore higher array sensitivity
[74]. The covalent immobilization on the ion-activated polymer
reduces variability due to inconsistencies in washing and handling
compared to platforms relying on the physical adsorption of anti-
bodies, such as nitrocellulose. Since in the microarray application
the slides would be disposable, it is a signiﬁcant advantage that the
ion treatment process used to induce covalent immobilization of
the antibodies is signiﬁcantly more environmentally friendly than
linker chemistry methods. Compared to the range of other plat-
forms suitable for transmitted light detection of cell hybridization
to antibody array spots reported in the literature, the ion implanted
polycarbonate slides demonstrated better reproducibility [74].
An important cost reduction associated with the use of this
platform in comparison with the main competitor, nitrocellulose
coated glass, is that the antibody usage was found to be much
more efﬁcient [74]. A practical concentration for the anti-CD anti-
body spotting solution is approximately 70 g/ml, as shown in
Fig. 3, which gives the hybridized cell density as a function of the
spotting solution concentration. Hybridization was carried out for
30 minutes in 1.2 × 107 cells/ml suspension after blocking the slide
with 5% skim milk (for 90 min  at room temperature) and wash-
ing in phosphate buffered saline (PBS). The spots were imaged by
8 M.M.M. Bilek / Applied Surface 
Fig. 3. Density of human peripheral blood mononucleated cells (PBMC) attached to
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ate  as a function of the antibody concentration used to form the spot. [Images and
ata from Ph.D. thesis of Elena Kosobrodova].
ransmission of visible light after washing in PBS and ﬁxing the
dhered cells in 3% formaldehyde [74]. The maximum intensity
ignal is reached at a concentration between 30 and 70 g/ml, a
hree-fold improvement compared to DotScanTM microarrays on
itrocellulose-coated glass slides, where the working antibody con-
entration was typically 200 g/ml [75]. Such antibody microar-
ays, spotted onto ion implanted polycarbonate, have been used to
tudy changes in cell surface markers in mouse stem cells as they
ifferentiate and they have been found to provide data consistent
ith ﬂow cytometry but much more rapidly and efﬁciently [76].
Recent work demonstrating an elliposmetry-based, label free
etection method for quantifying antibody interactions with pro-
eins in solution [60] holds promise for rapid, low-cost screening
f extra-cellular or inter-cellular protein expression with antibody
icroarrays. In this design, multiplexed, parallel detection of sig-
als from all antibody spots at once could be achieved with imaging
llipsometry. The demonstrated ability to regain activity of freeze-
ried proteins immobilized on ion activated polymeric surfaces
60,77] suggests simple, low-cost transport and storage will be
easible for such devices.
uture directions
Although the focus has been on the chemistry of the covalent
eaction, all covalent immobilization approaches involve a physical
pproach/surface adsorption step followed by the coupling reac-
ion. To date little attention has been paid to the physical adsorption
omponent, probably because for immobilization protocols that
ely on chemical linker molecules solution parameters, such as pH
nd ionic strength, are typically set by the requirements of the
eactions involved. A major advantage of the radical-rich covalent
mmobilization platform produced by energetic ion bombardment
f polymeric surfaces is that covalent attachment does not rely on
H or ionic strength so these parameters can be manipulated to
chieve high-density surface adsorption and optimum biomolecule
rientation.
Orientation is very important when the active sites of the
iomolecules are located on one side only, such as is the case for
nti-bodies. Ionic pre-adsorption facilitated by tuning the pH has
een shown to be an effective way of optimizing the orientation of
ntibodies on a surface [18]. A similar approach is likely to work
ell on ion implanted polymeric surfaces because the predomi-
ance of oxygen containing groups, in particular those containing
[Science 310 (2014) 3–10
OH functionalities such as carboxyl, gives the surface a negative
charge, which increases with pH, over most of the pH range [78].
Changes in ionic strength of the solution can be used to tune the
distance across the double layer over which the electric ﬁeld drops
and the ﬁeld strength accordingly. Strategic variations in pH could
also be used to tune the dipole moments of the biomolecules being
immobilized for optimum results. Peptides in particular, being sig-
niﬁcantly smaller than proteins and antibodies, should be readily
oriented using electrostatic forces during the adsorption phase of
the immobilization process.
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